A number of centrifuge tests have been conducted to study the interaction between liquefied sand under earthquake- 
Introduction
Soil liquefaction and lateral spreading is one of the main causes of damage of bridges and port facilities during earthquakes, producing distress to piles and other deep foundations (Mizuno, 1987; Dobry & Abdoun, 2001; Ishihara, 2003; Tokimatsu et al., 2005) . Such damage can have drastic consequences, impeding emergency response and rescue operations in the short term and causing significant economic loss from business disruption in the longer term. Dobry & Abdoun (2001) and Boulanger et al. (2003) summarised relevant earthquakes, and the corresponding references, where deep foundations have been damaged by liquefaction and lateral spreading. In all the cases, the failure of bridges was a result of cracking and rupture of pile foundations at both shallow and deep elevations, rupture of pile connections, and permanent lateral and vertical movements and rotations of pile heads with corresponding effects on the superstructure.
Case histories as well as physical laboratory experiments suggest that the effect of the lateral spreading on piles has the character of a pseudostatic, kinematic soil-structure interaction phenomenon, driven by the permanent lateral movement of the ground in the free field (Dobry et al., 2003) . Extensive experimental research on the effects of lateral spreading on deep foundations in the last decade has included: full-scale soil-pile field experiments to blast-induced lateral spreading (Rollins et al., 2005; Ashford et al., 2006) , full-scale as well as model 1g tests in shaking tables (Suzuki et al., 2004; He et al., 2006; Towhata et al., 2006 ; ), and centrifuge model testing (Wilson et al., 1999; Abdoun et al., 2003; Ubilla, 2007; Gonzalez et al., 2009) . A number of these centrifuge and 1g shaking tests of lateral spreading are conducted using inclined laminar boxes to simulate the spreading of an infinite slope.
It has been shown that when the lateral loads and resulting pile bending moments are controlled by a strong shallow nonliquefied top soil layer, the ground pressures can be reasonably related to the passive failure of the soil against the foundation, and hence to the shear strength of the soil (Berrill et al., 1997; Dobry et al., 2003) . However, there is still a great uncertainty in estimating the lateral pressures applied by the liquefied soil and the significance of soil permeability on defining this pressure. Most of the current design methods do not include such parameters in spite the strong indication from recent fullscale and centrifuge tests that they might be extremely important (Dungca et al., 2004; Hwang et al., 2004; Suzuki et al., 2005; Ubilla, 2007; Gonzalez et al., 2009 ).
Liquefaction, lateral spreading and pile foundation represent a complex soil-structure interaction problem which is very difficult to model analytically. It involves large ground deformations, both cyclic and permanent, inertial effects during shaking, and soil-foundation and foundation-superstructure interactions, all in the presence of rapidly changing soil properties with time. Centrifuge physical modelling has emerged as an important tool to study the problem, understand and quantify the parameters involved, and provide guidance and calibration to both simplified engineering procedures and numerical simulation techniques (Dobry & Abdoun, 2001 ).
Typical pile foundations consist of a group of concrete or steel piles driven through the liquefied layer until they reach a stronger and deeper soil deposit. Usually the piles are linked together at the top by a pile cap, over which the superstructure is built. The phenomenon of earthquake induced liquefaction and lateral spreading and its interaction with a group of pile foundations supporting a superstructure is highly complex and poorly understood. In order to better understand this phenomenon, the simplest case was analysed: a single pile fixed at the base with no superstructure, subjected to liquefaction-induced lateral spreading. In particular the goal of this study was to determine the influence of the soil permeability on the pile-soil interaction during liquefaction.
Prototype test conducted at nied, Japan
The centrifuge tests described in this paper model approximately a full-scale test conducted on July 2004 at the National Research Institute for Earth Science and Disaster Prevention (NIED) at Tsukuba, Japan. The main results of this full-scale test are presented in this section.
The full-scale container was a rectangular laminar box with flexible walls, 12 m long, 6 m height and 3?5 m wide. The box was inclined 2 degrees to the horizontal, simulating a mild infinite slope. Two hollow steel piles with an external diameter of 0?32 m were installed inside the container. One of the piles was located in the down slope side and had a bending stiffness, EI, of 14 300 kNm 2 ('stiff pile'), while the other pile was located in the up slope side and had a smaller bending stiffness of 7500 kNm 2 ('flexible pile'), see Fig. 1 . The laminar box was filled with liquefiable Kasumigaura Sand with a relative density of about 40%, and the sand and piles were heavily instrumented as shown in Fig. 1 . The input motion applied at the base of the container consisted on 80 cycles of a sinusoidal acceleration of 0?25g and a frequency of 2 Hz.
After a couple of cycles of the input shaking, the sand liquefied and stayed liquefied during the entire shaking period. The total accumulated lateral free field deformation measured at the top of the model was 1?1 m. The maximum static bending moment, M max , measured at the bottom of the stiff pile, was on the order of 100 kNm. This maximum bending moment occurred after the first three cycles, then this level of bending moment was essentially maintained for around seven cycles, with the pile rebounding afterwards toward its initial position, with corresponding decrease of bending moments (Fig. 2) . The flexible pile was overstressed and failed during the test and therefore it is not considered in the present analysis. More information about this test can be found in Suzuki et al. (2005) and He et al. (2006) .
Following the simplified static analysis proposed by Abdoun et al. (2003) , it is possible to predict the measured maximum static bending moment at the bottom of the pile M max 5 100 kNm, using a static uniform pressure, P, equal to 25 kPa applied over the area, A, of the pile exposed to lateral spreading, A 5 0?32 6 5 5 1?6 m 2 . In other words, the maximum static equivalent uniform pressure exerted by the liquefied soil on the pile was on the order of 25 kPa.
Centrifuge model preparation and set-up
The need for small-scale model testing of liquefaction, lateral spreading and their effects on deep foundations arises owing to the complexity of the phenomena involved. Available case histories and field observations are limited, and they do not provide all necessary information needed for engineering analysis and design. Therefore, full-scale tests such as that just described at NIED, are very useful in reproducing this phenomenon in a controlled environment using appropriate dense instrumentation and sensors. However, because full-scale tests are expensive and their preparation is time consuming, their application is rather limited, especially when parametric studies are required involving a number of tests to reach useful conclusions.
Centrifuge models arise as an effective and economic way to study geotechnical systems, in which a small-scale model, relatively fast to build and economically affordable, is subjected to an artificial high gravity field in such a way that the stresses and strains are the same for corresponding points of the model and prototype. A well-established set of basic scaling laws are used as presented by Taylor (1995) .
<
A series of four centrifuge tests were conducted at Rensselaer Polytechnic Institute (RPI) at a 40g centrifugal acceleration, in order to study the effect of soil permeability on pile response to lateral spreading. The model pile simulated the prototype stiff pile of the test at NIED. The model pile was made of rods of aluminium 6061-T6 with 0?635 cm diameter (0?25 in) and Young's modulus E 5 70 GPa, so that once the pile diameter is scaled up 40 times, the prototype bending stiffness of the pile is reproduced:
. EI~70 000 000kPa |p . 4 40|0:00635 m=2 ð Þ 4~1 4 300kN m gauges, either in Quarter Bridge (axial strain) or Half Bridge (bending strain) configurations. After the installation of the strain gauges the pile was covered with a thin layer of wax and a shrink tube, to protect the electrical connections from water exposure during the tests. The final model diameter of the pile was 0?9 cm which represents a 0?009 6 40 5 0?36 m pile diameter in prototype units, 12% larger than the 0?32 m diameter pile in the full-scale Japanese test. An aluminium clamp was built which fixed the base of the pile, with the clamp bolted to the base of the laminar box to ensure good fixation. The stiffness of the equivalent spring at the base of the pile was measured to be about 25 000 kNm/rad (Ubilla, 2007) .
The same Kasumigaura Sand used in the Japanese full-scale test was utilised in the centrifuge models. Gs 5 2?7. The measured permeability of the sand (at 1g) was about 1.28 6 10 22 cm/s for a relative density of 40%. All centrifuge models were carefully constructed at a 40% relative density. Figure 4 shows the laminar box model set-up used in all four centrifuge tests, with the only difference being the viscosity of the fluid used for the model saturation and therefore the sand permeability. The permeability of the soil at 1g ranged from 1?28 6 10 22 cm/s to 3?20 6 10 24 cm/s ( Previous results strongly suggested that the level of excess pore pressures in the soil near the pile is a key factor in the pile bending moment development (Gonzalez et al., 2009) . Therefore, special attention was paid to measure carefully the pore pressure around the pile during the lateral spreading. Furthermore, it was considered that the simple placement of a pore pressure transducer near the pile may not measure this phenomenon accurately. This is attributable to the fact that during shaking and lateral spreading, the sensor would move with the sand and the distance between the sensor and the pile would change.
To address this problem, it was decided to attach the sensor to the pile, so the measurement would always be at the same Centrifuge scaling laws of pile response to lateral spreading Ubilla, Abdoun and Dobry location relative to the pile during the lateral spreading. On the other hand, it was considered that attaching sensors to the pile may affect the bending moment development during shaking. For that reason, two identical piles were installed in the model, as shown in Fig. 4 : one located upstream instrumented with strain gauges, and the other located downstream, with several pore pressures transducers attached to and around the pile as shown in Fig. 4 . In this set-up, the upstream pile is used to measure bending moments while the downstream pile is used to measure pore pressure changes around the pile. Fig. 5 shows the pore pressure transducers attached to the pile and those placed at a distance of approximately five pile diameters. These pore pressure sensors were not directly attached to the pile, instead they were attached to a thin and flexible plate glued to the pile in such a way that the sensor could rotate but not translate during lateral spreading, so as to minimise the influence of the sensor on the pile response during shaking.
Also shown in Fig. 4 , strain gauges were installed at the base of the downstream pile to measure the maximum bending moment at the base of the pile, for comparison with the similar measurement from the upstream pile. The displacements of both piles were measured with laser displacement sensors, which produced a very accurate measurement without any physical contact between the sensor and the pile. The prototype input horizontal acceleration at the base of the model consisted of 25 cycles of a sinusoidal wave with an amplitude of 0.3g and a frequency of 2 Hz. Table 1 presents a summary of the four centrifuge tests conducted at RPI, all at 40g centrifugal acceleration, to study the effect of permeability. The table lists the name of the test, the relative density of the sand, the viscosity of the fluid used for saturation and the permeability of the sand at 1g. Test 1 used water as pore fluid (1 cp), while test 4 used a pore fluid 40 times more viscous than water (40 cp).
All results presented in this paper are in prototype units, unless otherwise indicated. 
Centrifuge tests analysis
Free field response Figure 6 shows typical recorded free field accelerations at different depths. The presented accelerations correspond to test 4 (40 cp). The input acceleration, measured at the cemented layer, was uniformly 0.3g, consistent with the shaking at the base of the laminar box. This confirms that the base of the model acted as a rigid body with no sliding occurring between this layer and the laminar container. After a couple of cycles the soil acceleration in shallower layers dropped significantly, indicating that full liquefaction had been reached causing dynamic isolation of the liquefied zone. At deeper elevations, large negative spikes developed owing to the dilative behaviour of the liquefied sand. These spikes in the free field during lateral spreading have been also repeatedly observed in centrifuge tests, as well as in field case histories, such as the Superstition Hills earthquake (1987) . This mechanism is a consequence of soil dilative stress-strain response at large shear strain excursions, resulting in associated instantaneous pore-pressure drops (Elgamal et al., 1998) . Figure 7 presents the profiles of free field excess pore pressure isochrones at times corresponding to the second or third cycle, and at the end of the shaking. The presented profiles indicate that for model 1 saturated with water (1 cp), full liquefaction was not achieved below a depth of about 200 cm. In fact, after the first three cycles of shaking the excess pore pressure ratio reached a maximum of 70% at the base of the model and then started to dissipate during shaking. On the other hand the models saturated with viscous fluid with viscosities of 7 cp, 20 cp and 40 cp did reach full liquefaction and stayed fully liquefied until the end of the shaking.
The lateral spreading profiles at the end of shaking for the four tests are presented in Fig. 8 . In all the cases it was observed that the lateral spreading stops right at the end of the shaking (Ubilla, 2007) , consistently with observations reported by Abdoun et al. (2003) and by Gonzalez et al. (2009) for models saturated with water and viscous fluid. For the three models saturated with viscous fluids of 7 cp, 20 cp and 40 cp, which reached full liquefaction during shaking, the maximum displacement at the top of the models was similar, about 80 cm. Based on these results it can be stated that if the model stays liquefied during the entire shaking, the free field displacement at the top of the model is very similar for a wide range of fluid viscosity.
For the model saturated with water, the lateral spreading was much smaller, being on the order of 50 cm. This is easily explained by the fact that the water saturated model did not reach full liquefaction, with only the top half of the soil liquefying, reducing substantially the amount of lateral spreading.
Pile response
During the full-scale test in Japan, at the beginning of the lateral spreading the pile moved down slope owing to the lateral pressure of the liquefied soil, but after around ten cycles of shaking the pile bounced back. The same situation was observed in 50g centrifuge tests (Abdoun et al, 2003; Gonzalez et al., 2009 ) where the models were built using Nevada Sand #120 saturated with water. In those centrifuge tests, full liquefaction was achieved and maintained during the shaking, with the pile reaching a maximum bending moment of about 120 kNm and then bouncing back. Gonzalez et al. (2009) repeated the same centrifuge experiments but now with the Nevada Sand saturated with a viscous fluid having 50 times the viscosity of water. For this configuration the pile showed the same initial load as the case saturated with water, but the pile never rebounded and kept deforming during the entire shaking and lateral spreading, reaching a much larger bending moment on the order of 350 kNm. Figure 9 presents the bending moment time histories measured at the bottom of the upstream pile for the four tests listed in Table 1 . The bending moments clearly increase as the fluid viscosity goes up and the soil permeability decreases. In general, the piles did not bounce back during the shaking but for the test 40 cp some reduction of the bending moments at the base was observed towards the end of the shaking, at the time when a huge 780 kNm moment was being measured. It is important to mention that after the shaking and during the pore pressure dissipation the pile did in fact slowly bounce back as shown in Fig. 9 , where a gradual reduction in bending moment is observed after the shaking.
The maximum bending moment profiles measured toward the end of the shaking in the upstream pile also increased with the viscosity of the saturating fluid, as shown in Fig. 10 . Again, Centrifuge scaling laws of pile response to lateral spreading Ubilla, Abdoun and Dobry field ground deformations. This phenomenon will be further discussed in the following sections.
The lateral pile displacement measured at the top of the pile at the end of the shaking, is presented in Fig. 12 . The pile displacement varies fairly linearly with the viscosity of the fluid, consistent with the trend for the bending moments in Fig. 11 . Pattern of soil deformation and pore pressure development around the pile Figure 14 shows time histories of excess pore pressure around the pile for model 4 (40 cp). Following the commonly used scaling laws, at 40g centrifugal acceleration this model simulates the prototype soil permeability of the same sand saturated with water (Taylor, 1995) . Fig. 14 shows that during lateral spreading, the soil flowing around the pile exhibits a decrease in the measured pore pressure and therefore an increased effective stress. This indicates that an area of stiff soil has developed around the pile, much stiffer than the liquefied soil in the free field, with this area remaining stiff throughout the shaking. A similar pattern of pore pressure decrease near In order to better understand this phenomenon, coloured markers were placed on a grid around the pile before the centrifuge model saturation. By observing the relative displacements of the makers after shaking, the size and shape of the stiff soil area around the pile could be estimated in the four centrifuge tests.
It was observed that the area of influence generated by the pile over the surrounding soil was surprisingly large. This influence Centrifuge scaling laws of pile response to lateral spreading Ubilla, Abdoun and Dobry area seems to be related to the pore pressure pattern presented in Fig. 14. Fig. 15 includes pictures taken right after the test showing the typical deformation pattern around the pile for the four models The deformation pattern of the sand flowing around the pile has an elliptical shape, and the more viscous the saturating fluid the larger is the influence area around the pile. Combining this information obtained from the deformation patterns at the ground surface and the pore pressure measurements around the pile, it was possible to estimate the shape of the area of negative excess pore pressure perpendicular to the direction of the spreading. Fig. 16 shows that this area has the approximate shape of an inverted triangle. The size of the inverted triangle clearly increases with the viscosity of the fluid.
The pattern in Fig. 16 is fully consistent with previous results in similar lateral spreading centrifuge tests using a pile stiffness of EI 5 10 000 kNm 2 , and a 6 m tall model of Nevada Sand #120 with a relative density of 40% (Gonzalez et al., 2009) Centrifuge scaling laws of pile response to lateral spreading Ubilla, Abdoun and Dobry shown in Fig. 17 . Therefore, it is possible to conclude that in such centrifuge models of a single pile subjected to lateral spreading of a uniform sand deposit, a stiffened, non-liquefied area with a inverted triangular shape is developed around the top half or the top third portion of the pile. This area is associated with the development of negative excess pore pressures which stiffen the soil around the pile, increasing dramatically the effective area of the pile subjected to the lateral loading by the laterally spreading liquefied soil, and changing the deformation pattern of the soil around the pile. Similar centrifuge investigations using Nevada Sand saturated with water had shown that the moments measured in the pile can be reproduced by applying a uniform load of 10.2 kPa over the entire area of the pile Abdoun et al. (2003) . It is important to mention that in those tests the model remained liquefied Centrifuge scaling laws of pile response to lateral spreading Ubilla, Abdoun and Dobry during the entire shaking as Nevada Sand #120 is much finer that Kasumigaura Sand (Ubilla, 2007) . Following the same principle a similar analysis was made, it was found that applying a uniform load of 22 kPa over the area of the pile and suction triangle the maximum bending moment at the base of the pile is satisfactorily reproduced. Fig. 18 shows the results of this analysis, which corroborate the validity of this simplified static approach by comparing measured and computed maximum bending moments.
It is interesting to notice that the applied pressure of the liquefied soil on the pile and surrounding stiff soil of 22 kPa is very similar to the 25 kPa value found after analysing the results from the NIED full-scale test, but in this case only the area of the pile was considered for the analysis. Apparently the maximum static pressure that the liquefied soil can apply is properly modelled in centrifuge tests, but there are inconsistencies in the way the liquefied soil flows around the pile. During centrifuge models there is a stiffening of the sand around the pile owing to the pore pressure decreases. The following section includes a more detailed analysis of this phenomenon.
This large area of stiff soil observed around the pile seems to be also the cause of the shadow effect previously mentioned, that the upstream pile produced over the downstream pile. The upstream pile shielded the downstream pile thus reducing the lateral pressure loads. For models saturated with viscous fluid, it was observed that after the shaking the soil in the free field remained liquefied and the soil next to the top portion of the pile remained with negative excess pore pressure, generating a hydraulic gradient towards the pile. As the viscous fluid reached the area next to the pile produced some degree of liquefaction, releasing the grip that the non-liquefied sand had over the pile, and allowed the pile to slowly bounce back towards a new equilibrium position.
In order to better understand the apparent difference in response when comparing centrifuge and full-scale test results, a detailed examination of any difference in the model set-up or preparation is required as well as re-examining the applied scaling laws. For example, most of the full-scale tests use a hydraulic fill method in depositing the sand while the centrifuge models typically use dry pluviation. The hydraulic fill method tends to produce a more compressible soil deposit Centrifuge scaling laws of pile response to lateral spreading Ubilla, Abdoun and Dobry than those using dry pluviation. This difference in soil compressibility could be one of the reasons why the hardening or dilative response seems to be larger in the centrifuge. Unfortunately the soil properties data available from full-scale models do not provide enough information to evaluate this possibility. This paper will focus on examining the validity of the commonly applied scaling laws for simulating soil permeability.
The time scaling law
The scaling of time is especially important in centrifuge modelling of liquefaction. From the point of view of the dynamic response, the scaling factor is N. However, the time scaling factor for consolidation and diffusion phenomena where the soil permeability plays a role is N 2 (Whitman & Arulanandan, 1985; Taylor, 1995) . This assumes that the same soil and pore fluid are used in both centrifuge model and prototype. As the centrifuge simulation of liquefaction involves base shaking and thus dynamic Centrifuge scaling laws of pile response to lateral spreading Ubilla, Abdoun and Dobry response, as well as diffusion phenomena during and after shaking these two scaling laws could play an important role in the overall response of the soil-pile model.
This section describes in detail the applicability of the current scaling laws in studying response of a complex soil-pile system. In particular, the time scaling of centrifuge models of earthquake-induced liquefaction in which the gravity field is N times the Earth's gravity, and the need for saturating the model with viscous fluid are described in detail.
The fundamental scaling law in centrifuge technology is that the distances, dimensions and consequently the amplitudes of any movement in the centrifuge model are scaled down by N times with respect to the prototype.
where d is the amplitude of displacement and the subscripts m and p refer to the centrifuge model and prototype respectively.
In a centrifuge model, the acceleration of gravity, g, is increased N times. In order to keep similarity, all accelerations in the model, a m , are also increased N times with respect to the corresponding acceleration in the prototype a p .
2.
a m a p~N A sinusoidal cyclic movement, x, can be represented as Centrifuge scaling laws of pile response to lateral spreading Ubilla, Abdoun and Dobry where f is the frequency of the cyclic movement and t is the time.
The acceleration associated with the movement x can be calculated by taking the double time derivate of equation (3) 4.
Therefore the amplitude of acceleration can be expressed as
Comparing the amplitude of acceleration of the model and prototype and substituting using equation (2) it is possible to write
Consequently the scaling law for modelling the dynamic time is N, in other words, for centrifuge tests in which inertial forces is a predominant component, the time in the centrifuge is reduced by N times compared with the prototype. During centrifuge tests of earthquake-induced liquefaction events, certainly inertial forces are an important component of the simulation of the development of liquefaction.
After the earthquake shaking (and often during shaking), the excess pore pressure starts dissipating, with dissipation rate being a function of soil permeability and seepage velocity. If the dissipation occurs too fast the soil recovers its strength before the end of the shaking, while if the dissipation occurs too slowly the soil remains liquefied for a longer period. In the presence of a pile foundation, this phenomenon can have a significant influence of the response of the pile system and the amount of lateral pressure imposed. The following section will discuss the scaling laws governing the pore pressure dissipation phenomena.
The seepage velocity or the velocity of the fluid flowing in the soil voids is governed by Darcy's Law
8.
v~ki where v is the seepage velocity, k is the permeability and i is the hydraulic gradient.
When the centrifuge model is saturated with water, the seepage velocity in the model is N times faster than in the centrifuge (Schofield, 1980) 9.
Equation (9) has been confirmed experimentally (Arulanandan et al., 1988) . This scaling law for seepage velocity has been accepted and is commonly used.
Given equation (9), it is possible to calculate the time scaling law associated with pore pressure dissipation that occurs over a distance L
Therefore the time scaling law for seepage is N 2 11.
During earthquakes and liquefaction there are at least two physical phenomena that seem to control the soil response: one is the dynamic movement of the model and the other is the pore pressure dissipation controlled by the seepage velocity. It is desirable that a unique time scaling factor applies to both dynamic movement and seepage. As indicated in equations (7) and (11) when using water as the saturation fluid for both the model and prototype, the scaling factor for dynamic movement and seepage are N and N 2 , respectively.
In order to have a unique scaling factor, a saturation fluid of a viscous fluid of N times that of water is commonly used. The definition of intrinsic permeability, K, presented in equation (12) is fundamental for the development of this theory (Muskat, 1937) , even though equation (12) unrealistically implies that soil permeability is a function of gravity (when in fact it is a function of pressure differential (Taylor, 1995) ) the equation is widely used
where m is the dynamic viscosity of the pore fluid, r is the mass density of the pore fluid and g is the acceleration of gravity.
In the centrifuge model, increasing the viscosity of the fluid N times has the effect of reducing N times the soil permeability. 
As a consequence, the time scaling using viscous fluid is adjusted.
Equations (7) and (16) indicate that a scaling factor on N would properly simulate dynamic movement and seepage velocity when the model is saturated with viscous fluid. The scaling factors associated with centrifuge simulation of earthquake-induced liquefaction and lateral spreading seem consistent.
Potential for shear band formation around the pile Figure 19 schematically shows the potential for the shear band formation around pile foundation during liquefaction-induced lateral spreading. During the full-scale test of piles under lateral spreading loading conducted in Japan (Suzuki et al., 2005; He et al., 2006) and in similar centrifuge models saturated with water in which full liquefaction was achieved (Abdoun et al., 2003; Ubilla, 2007; Gonzalez et al., 2009) , it was observed that after a few cycles the piles bounced back reducing its bending moments while the soil kept flowing around the pile.
If the pile bounces back there must be a strain discontinuity or shear band that develops in the vicinity of the pile. For centrifuge models saturated with viscous fluid it has been consistently observed that the pile does not bounce back and therefore no shear band develops in the vicinity of the pile. This section analyses the relationship between the shear band development and the use of viscous fluid for model saturation.
Shear banding, the localisation of deformation into narrow zones of intense shearing, is a phenomenon commonly observed in soils, yet it is still poorly understood. Shear bands have been studied by experimental observation using particle image velocimetry (Gudehus & Nubel, 2004) , X-rays (NematNasser & Okada, 2001 ) and stereophotogrammetry (Finno et al., 1996; Mooney et al., 1997) . Also this phenomenon has been intensely studied using complex analytical and numerical methods (Rice, 1975; Iai & Bardet, 2001; Lu et al., 2004) .
Shear bands develop in zones of stress concentration, where the granular material tends to reach critical state (Gudehus & Nubel, 2004) and fails developing large strains. When the granular material reaches the critical state or steady state, it will exhibit contractive behaviour if it is very loose, a contractive and then dilative behaviour if it is medium dense, and a purely dilative behaviour if it is dense. According to Sadr et al. (2004) , the shear bands dilate during the shear process and reach their maximum volume when the shearing displacement reaches two to three times its shear band thickness.
Using X-rays, Nemat-Nasser & Okada (2001) observed that shear banding can occur within a liquefied sample of a cohesionless granular mass, under cyclic loading. This localisation takes place as the liquefied granular mass recovers its effective pressure within a cycle of shearing.
In terms of geometry, shear bands occur over very narrow zones with a thickness between 7 to 20 d 50 . This thickness seems not to be scalable in centrifuge tests. Wolf et al. (2005) found that the geometry of the shear band pattern is slightly influenced by the change in the stress level (g level). Wolf et al. studied the shear band formation at 1g and in centrifuge tests, and they found that the shear band geometry is the same at 1g, 10g and 15g. Also, it has been observed that low permeability delays considerably the growth of the shear band instabilities (Loret & Prevost, 1991) . This means that the more viscous the fluid, the slower the development of the shear bands.
It is important to consider the following key observations:
(a) the free field lateral spreading response does not depend on the viscosity of the fluid, it was always about 80 cm in the reported tests where the model remained fully liquefied during shaking (b) the stiffness of the pile itself as well as the equivalent spring at the base was the same for all the tests (c) the shear strength associated with the viscous pore fluid is negligible, even for a viscosity of 40 cp (Ubilla, 2007) .
Therefore, it is possible to conclude that the driving shear required to develop a shear band around the pile during lateral Undrained dilative behaviour seems to be recurrent phenomena associated with earthquake induced liquefaction and lateral spreading observed in centrifuge tests (Gonzalez et al., 2009) and in the field (Elgamal et al, 1998) . For medium density sands the shear band formation implies actual volume dilation in the shearing zone with corresponding localised increase in porosity. Fig. 20 shows schematically the stages of the shear band formation: before liquefaction and lateral spreading the fluid pressure is positive, then the earthquakeinduced liquefaction and lateral spreading begins and the soil flows around the pile trying to develop a shear band, at that moment there is a reduction in the pore pressure within the shearing zone around the pile and therefore a seepage gradient is created toward the shearing area. The degree of development of the shear band will depend on how much fluid can actually reach the shearing zone, in other words, it will depend on the seepage velocity of the fluid within the model. Figure 21 shows two elements under shear strain in model and prototype units. As the strain is dimensionless it is the same at 1g and Ng.
18. " m~y =N x=N~y x~" p At the same time, the dynamic time scale is N, or the centrifuge test occurs N times faster than the equivalent prototype. This means that the strain rate,_ e e, in the centrifuge is N times bigger than in the prototype
The shear band is a strain concentration, and the strain rate is N times faster in the centrifuge than in the corresponding prototype. In order to develop the shear band, the viscous fluid needs to reach the shearing zone. The amount of fluid that can reach the shearing zone is a function of the seepage velocity. As a result of using viscous fluid with N times that of the water viscosity to saturate the centrifuge model, the seepage velocity is the same in model and prototype units (equation (14)).
If the same sand having the same density is used in both prototype and centrifuge model, and the soil is subjected to similar straining, the tendency of the soil to dilate and the need for the fluid to fill any tendency for volume increase is expected to be similar. If the centrifuge model is saturated with a viscous fluid having N times the viscosity of water, it will have the same seepage velocity as the prototype. But in the centrifuge the shear band tends to develop N times faster compared with the prototype, which means that the shearing zone in the Centrifuge scaling laws of pile response to lateral spreading Ubilla, Abdoun and Dobry centrifuge test will have N times less fluid volume available for the development of a shear band. This suggests that the development of the shear band may not be properly scaled in the centrifuge when viscous fluid is used for saturation.
In centrifuge models saturated with viscous fluid, the fact that the sand around the pile cannot actually dilate and produce a shear band, could be a reason for the development of a large solidified soil with negative pore pressure. The solidified soil acts as a stiff area transmitting the lateral pressure of the liquefied sand to the pile. As the liquefied sand keeps spreading and trying to flow around the pile without being able to develop a shear band, this solidified area keeps increasing in size as the shaking progresses. The size of the solidified area seems to be controlled by the seepage velocity, which could explain the fact that the size of solidified soil seems to be function of the viscosity of the saturation fluid.
From the previous analysis, it is observed that for models saturated with water the seepage velocity is N times faster in the model than in the prototype and, as the shear band development also occurs N times faster, the development of shear banding is correctly modelled. From an engineering point of view, if the goal is to find the maximum bending moments on the pile, the best way to perform these kinds of centrifuge tests may be to saturate the centrifuge model with water. This can be acceptable only in the cases in which the sand is fine enough to keep the models fully liquefied during the shaking. The pile rebounding phenomena observed in Japan was also observed in centrifuge tests saturated with water, in which the model remained liquefied during the entire shaking (Abdoun et al., 2003) .
Conclusions and recommendations
Centrifuge testing has once again been successfully used as a valuable research tool for complex geotechnical systems. Even considering the past experience accumulated in centrifuge modelling, there is still research to be done in terms of validation of some of the scaling laws currently being used. Under that point of view, any effort to compare centrifuge results with full-scale tests or well-documented case histories is of tremendous value for the future use of this geotechnical research technique.
The main conclusion of this paper is that there seems to be an inconsistency in the scaling laws currently used in centrifuge modelling of liquefaction, lateral spreading and its interaction with pile foundations. The source of this problem seems to be the fact that the shear banding geometry is not affected by the g-level and hence does not follow similar scaling laws as the rest of the model. As a consequence, the shear bands do not seem to develop completely during the shaking, with the degree of development of the shear bands depending on the permeability of the sand. This inconsistency of the scaling laws seems to produce unrealistic results in centrifuge tests, with extremely large bending moments and areas of influence of the soil around the pile. More research is needed to find a better way to use centrifuge techniques for this kind of complex geotechnical investigations.
Another observation from the centrifuge tests described is that there is a small influence of soil permeability on the free field lateral spreading response of sand during liquefaction and on the maximum pressure that the liquefied soil can apply over the pile. The free field displacement at the top of the model was around 80 cm and the pressure that the soil applied over the pile system (and influence area) was around 22 kPa, independent of the viscosity of the fluid used for model saturation.
For future tests it seems that, in order to model the behaviour of piles subjected to lateral spreading in the centrifuge, it is better to use water rather than viscous fluid, but only if the model remains fully liquefied during the entire shaking. For the sand models saturated with water in this study, no full liquefaction was achieved during the shaking in the bottom part of the sand deposit.
Considering the results obtained from centrifuge tests presented in this paper and previous results also from RPI (Abdoun et al., 2003; Gonzalez et al., 2009) , plus the information obtained from full-scale tests at NIED, Japan, it is possible to provide recommendations for practical engineering field design. In the design of pile foundations installed in liquefiable sand with lateral spreading potential, the pressure that the liquefied sand applied over the area of the pile is one of the most important parameters.
If a uniform pressure distribution is assumed for the liquefied sand acting over the pile, for a fine sand such as Nevada #120 (d 50 5 0?16 mm) the pressure obtained was on the order of 10 kPa and for a medium sand such as Kasumigaura Sand (d 50 5 0?29 mm) the pressure obtained was on the order of 25 kPa. It seems that considering a design pressure on the order of 30 kPa for piles installed in mild sloped ground would be a conservative yet reasonable value for most kind of sands, independent of the permeability. 
